Ten years ago Henderson and Haggard introduced the inhalation of a mixture of oxygen and carbon dioxide as a means of resuscitating the victims of carbon monoxide asphyxia and of removing ether and other anesthetics from the lungs after surgical operations. Many thousands of inhalators are now in use in our cities, especially by the rescue crews of the fire and police departments and of city gas and electric companies. Hundreds of lives are saved by these crews with their inhalators each year. In surgical operating-rooms also, the use of carbon dioxide as a stimulant to respiration and the circulation has largely displaced the generally ineffective, and sometimes harmful, hypodermic and intravenous injection of drugs. These matters are based upon the modern principles of the physiology of respiration and, confirmed by wide practical experience, are now established and accepted.
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Within the past three or four years two other ficlds for the application of the same general type of treatment have developed, and a third field seems now to offer tempting possibilities. These three fields are first, resuscitation of the new-born who fail to breathe spontaneously or effectively, and prevention of pneumonia in those whose lungs are not fully expanded; second, prevention and treatment of the collapse of a lung after surgical operations, the condition from which postoperative pneumonia commonly develops; and third, the possible contribution that inhalation of carbon dioxide with oxygen may make to the treatment of bronchial and lobar pneumonias.
As these three developments have followed partially independent lines, the three stories may best be told in succession. We will begin with the topic out of which they have grown, namely, carbon monoxide asphyxia. Resuscitation from Asphyxia City gas in America in sections where natural gas is not available is generally a mixture of so-called "water gas" and "coal gas". Water gas is made by blowing live steam over red-hot coke. By the equation, H20 + C=CO +H2, a mixture of equal parts of carbon monoxide and hydrogen is produced. Coal gas is produced by the destructive distillation of bituminous coal and consists of many hydrocarbons, some of them distinctly poisonous like phenol, aniline, and benzol, besides about 6 per cent of carbon monoxide, by far the most poisonous constituent. The mixture of coal gas and water gas generally contains 20 to 30 per cent carbon monoxide. Furthermore, any carbonaceous gas, even natural gas which is chiefly the non-poisonous methane, when burned in contact with a cold water coil or kettle, undergoes an incomplete combustion and produces large amounts of carbon monoxide. Finally, the motor car and other internal combustion engines produce an exhaust gas rich in carbon monoxide. Thus Americans now have ample opportunities to be asphyxiated by carbon monoxide.
Haldane early showed that the compound which carbon monoxide forms with hemoglobin is dissociable, and that hemoglobin is restored to normal condition under the mass action of oxygen. It was long supposed that the logical treatment for carbon monoxide asphyxia must be the administration of oxygen. But experience on the victims of asphyxia and on animals in the laboratory showed us (Henderson and Haggard) that in many cases the breathing becomes greatly depressed; a deeply asphyxiated man or animal does not draw the oxygen into his lungs in sufficient quantity to displace carbon monoxide from the blood quickly. We found, however, that when S to 8 per cent carbon dioxide is administered to such cases respiration is greatly stimulated. When a mixture of oxygen and carbon dioxide is administered after a short but intense asphyxia the effects are truly extraordinary. A workman may be overcome in a trench over a leaking gas-pipe, or at a blast-furnace. He may be non-breathing and nearly pulseless. The inhalation of a mixture of oxygen and carbon dioxide is initiated under prone-pressure artificial respiration. As the carbon dioxide reaches the lungs natural breathing quickly returns, and, after half an hour of inhalation, the man is not only resuscitated, but feels well again, and goes back to work. The inhalation not only eliminates carbon monoxide, but it also restores to the tissues of the body the normal content of carbon dioxide lost during the development of asphyxia. With the restoration of carbon dioxide the general tonus of the body returns.
The results have verified the almost inspired dictum of the Swiss physiologist Miescher, who, forty years ago, in a celebrated review of all previous investigations on respiration, remarked: "Over the oxygen supply of the body carbon dioxide spreads its protecting wings."
After longer, although less intense, asphyxiations resuscitation is not so rapid. But in these cases there is another effect of great importance; for the subsequent development of pneumonia is prevented. Before inhalational treatment was introduced, pneumonia was a very frequent sequel of asphyxia, and was often fatal. The first of several discoveries to which this treatment has led is that the inhalation of carbon dioxide in oxygen not only relieves asphyxia, but also prevents postasphyxial pneumonia. This is a fact big with promise.
Resuscitation of the New-born and Prevention of Neonatal Pneumonia
Out of this experience has come a clearer conception than we have had heretofore regarding the state of the asphyxiated respiratory center both in the new-born child and in persons who have been immersed almost to drowning. It has always been supposed that there must be an overpowering excess of carbon dioxide in the blood in such cases. But our experience now demonstrates that it is not excess of carbon dioxide, but deficiency of oxygen, that induces the depression of the center. No very great excess of carbon dioxide is, or can be, produced when the supply of oxygen is shut off. The asphyxiated center is like one deeply morphinized. Its sensitivity is decreased; its threshold for carbon dioxide is abnormally elevated. Buit the inactive center promptly becomes active again if the amount of carbon dioxide supplied to it is sufficient to stimulate. Accordingly, we find that when the normal S per cent of carbon dioxide pressure is insufficient to stimulate, 7 per cent carbon dioxide is often effective; or 1 0 per cent, or even higher pressures, may be needed. When sufficient carbon dioxide is administered to reach the elevated threshold and to overcome the decreased sensitivity, then spontaneous respiration begins. As the oxygen supply is renewed the threshold drops again to normal, the sensitivity of the center is restored, natural breathing returns, and the asphyxiated new-born child or drowned person is resusctated.
In the maternity wards of hospitals, now, the old barbarous and often ineffective methods of resuscitating the new-born by swinging, spanking, and dipping in cold water are being replaced by inhalation of carbon dioxide. As much is used as may be necessary to start breathing, usually 7 per cent, mixed with oxygen. Many babies that cannot be resuscitated in any other way are thus saved.
Recently another advance has been made. In addition to the four babies in every hundred births that are still-born, some of whom can, however, be saved by inhalation treatment, there are four other babies that breathe for a few days but die in the first few weeks of life. Until recently no efforts have succeeded in reducing this huge mortality; for the decrease of infant mortality effected in recent years has been confined to the period after the first month. A large part of the neonatal mortality is a consequence of continuing atelectasis. The lungs are not fully dilated by the first cry, or for many hours or even days after birth. The ancient practice of making a child cry several times a day is often ineffective in overcoming atelectasis. It has now been shown by Cruikshank that the majority of neonatal deaths are due to pneumonia developing in undilated areas of the lungs. Combining this fact with other evidence, I have proposed that the lungs of every new-born child should be fully dilated by inhalation of carbon dioxide in the first few days of life. In maternity hospitals where this measure has been adopted for those that breathe poorly mortality from pneumonia has ceased.
Experience in cases of drowning is affording similar evidence. Inhalation of carbon dioxide and oxygen has proved to be not only a valuable supplement to manual prone-pressure artificial respiration, but also an effective preventive of the pneumonia which often causes the deaths of persons rescued from drowning.
The same treatment is now being tried as a means of clearing the lungs and controlling the spasms of coughing after pertussis. If the favorable results that have been obtained in the few cases thus far treated prove genera!, it appears probable that by this means the frequency of secondary pneumonia, which now often follows pertussis and is responsible for a large part of its mcrtality, will be considerably diminished.
Prevention of Postoperative Pneumonia
We turn now to the companion story of carbon dioxide inhalation in the surgical operating-room. For many years I urged this inhalation; and it gradually came to be recognized as a procedure promoting the elimination of the anesthetic, diminishing nausea, and restoring a vigorous heart action. It is also the most effective method of controlling an exhausting hiccup. Now another advantage has developed. Almost simultaneously three years ago in several clinics in America and also in Germany it was noted that patients who received this inhalation after operations and anesthesia were free from the otherwise considerable risk of postoperative pneumonia. Even in the best practice the mortality from postoperative pneumonia has been four for every thousand major operations. The number that have had pneumonia and recovered has been many times greater; indeed, some degree of pulmonary involvement has occurred probably in as many as one in ten, or even one in five, of all cases after surgical operations, especially those in the abdomen. But now in clinics which have adopted as a routine procedure full dilatation of the lungs by inhalation of carbon dioxide, the pulmonary complications, that in the past have led to postoperative pneumonia, have been eliminated. The reason for this result throws light on problems that are still to be solved.
Several observers in the last century, and particularly the English physician Pasteur early in this century, described a condition following bronchitis or diphtheria in which a part or the whole of one lung collapses and returns to a state like that before birth. But it is only since the use of the X-ray and the bronchoscope became common that this condition in the lungs, from which postoperative pneumonia starts, has been generally recognized. This is the massive collapse of a lung or the atelectasis of a lobe or lobules. It is now only three years since the relation of atelectasis to pneumonia was first demonstrated experimentally by Coryllos. This demonstration goes far to explain why the victims of motor and other accidents, whose ribs are broken and whose chests are partially immobilized, rather often develop pneumonia.
Normally the lungs are kept constantly expanded and their airways open. Through these tubes they are the best-drained organs in the body. The force which keeps them open is the tonus of the diaphragm and the other muscles of the thorax. Whenever this tonus is lowered, as it is after asphyxia, anesthesia, immersion, and in elderly and debilitated patients long confined to their beds, and in those who have suffered chest injuries, the vital capacity of the lungs is diminished. In the unacrated areas mucus accumulates until some of the airways are filled and closed. If there happens to be present also inhaled foreign material or catarrh from bacterial invasion, these conditions also contribute to the blocking of airways. As soon as any part of a lung is thus shut off, the air within it is absorbed into the blood; for the total pressure of all the gases in the venous blood is always 40 to 60 mm. less than the total pressure in the arterial blood, which is the same as in open areas of the lung, and in the outside air. The occluded lung or lobe or lobules are soon collapsed, and in such collapsed areas any bacteria that happen to be present find conditions favorable for their growth and activity. It is in this way probably that all secondary pneumonias develop.
This conception assigns to the tonus of the skeletal muscles of the body a place of prime importance in respiration. It is this tonus that keeps the lungs expanded and prevents atelectasis. The movements of respiration do not consist merely in the alternate contraction and relaxation of the thoracic muscles. In reality, as W. R. Hess expresses it, these muscles pass at each breath from one tonus level to another and back agaiin. When respiration is depressed the tonus level of the entire musculature of the body is depressed also. The capacity of the thorax is greatly decreased by the relaxed and elevated diaphragm and the flaccidity of the other respiratory muscles. In the partially deflated lungs atelectasis readily develops, and, if infection is present, pneumonia may follow.
When, on the contrary, respiration is stimulated, as it is in normal muscular activity by an increased production of carbon dioxide in the body, or as it is by inhalation of carbon dioxide, the tonus of all the muscles of the body, and particularly those involved in respiration, is increased. The lungs are expanded, occlusion of airways is prevented, and any airways that have already been occluded are reopened. The normal drainage from the lungs through the airways is maintained, or reestablished, and the development of a secondary pneumonia is prevented.
Carbon Dioxide with Oxygen in the Treatment of Lobar Pneumonia Even in the development of primary pneumonia low muscular tonus, partial deflation of the lungs, and the resulting atelectasis probably play an important part; it is a well-recognized fact that lobar pneumonia may spread from patient to patient in the beds of a hospital, but physicians and nurses, who are moving about and keeping their lungs expanded, are relatively immune to the contagion.
It is now a generally accepted rule that as soon as, and as long as, a pneumonia patient shows cyanosis, oxygen should be administered. For this purpose the so-called oxygen-tent is probably the most convenient and effective means. Both theory and experience show that instead of oxygen alone, of which a concentration in the atmosphere of the tent of about 50 per cent is best, it is advantageous to use a mixture of oxygen and carbon dioxide. The advantages which may be claimed for the use of such a mixture are three.
Although there is no agreement as yet on the question as to whether or not atelectasis is an important initial factor in lobar pneumonia, it is recognized by all authorities that occlusion of infected areas may occur. The most effective means of counteracting this development, or overcoming this condition after it has developed, is the stimulation of deeper breathing by means of carbon dioxide.
A second advantage of properly controlled inhalation of carbon dioxide in pneumonia lies in the fact that it permits morphine and other narcotic and respiratory-depressant drugs to be used more freely than otherwise. If they are used without carbon dioxide the depression of breathing may intensify an already harmful cyanosis. With carbon dioxide, morphine and other like drugs may be used freely to relieve suffering and prevent the harm involved in the struggles of a delirious patient.
A third, as yet largely unevaluated, advantage lies in the fact that the pneumococcus is extremely susceptible to even the slightest shift of the reaction (pH) toward acidity in the medium in which it is growing. In fact, Lord has suggested that the cessation of bacterial growth and the beginning of resolution are due to such a shift.
It is possible that by means of carbon dioxide, which in solution becomes carbonic acid, some assistance may be afforded to the development of such a shift in the reaction of the pneumonic exudate. It is too early to estimate the value of this effect of carbon dioxide inhalation in pneumonia.
Conclusions
Carbon dioxide is normally the chief influence controlling respiration. Founded upon this physiological principle is the use of carbon dioxide with oxygen in the resuscitation of the victims of carbon monoxide asphyxia, of drowned persons, and of apneic newborn babies.
The same inhalational treatment, by expanding the lungs, prevents pneumonia in the new-born, and in patients who would otherwise develop massive collapse of the lungs after major surgical operations. In fact, it appears that this is probably a specific treatment against all secondary pneumonias.
The application of the same general treatment in lobar pneumonia also has possible advantages.
